The effects of excitation wavelength on the optical properties (emission spectrum and quantum yield) of a luminescent solar concentrator (LSC) containing a fluorescent organic dye (Lumogen F Rot 305) are studied. Excitation at wavelengths on the long-wavelength edge of the absorption spectrum of the dye results in redshifted emission, but the quantum yield remains constant at 100%. The origin of this effect and its consequences are discussed. The extent of the long-wavelength tail of the absorption spectrum of the dye is determined and the importance in reabsorption losses is shown. The optical efficiencies and photon transport probabilities of LSCs containing either an organic dye or a rare-earth lanthanide complex are compared using ray-tracing simulations and experiment. The optical efficiency is shown to depend strongly on the Stokes shift of the fluorophore. The lanthanide complex, which has a very large Stokes shift, exhibits a higher optical efficiency than the dye (64% cf. 50%), despite its lower quantum yield (86% cf. 100%).
Introduction
Luminescent solar concentrators (LSCs) [1] [2] [3] [4] [5] were proposed more than 30 years ago [5] as a nonimaging means of concentrating solar radiation. They use a sheet of transparent material, such as glass or plastic, doped with fluorophores, such as organic dyes, quantum dots, or rare-earth complexes. Sunlight is absorbed by the doped sheet and a fraction of the fluorescence is trapped by total internal reflection (TIR) due to the difference in refractive indices at the LSC-air interface. Light is transported to the edges of the sheet, where it is collected by solar cells, by successive internal reflections. The LSC is the only concentrating photovoltaic technology that can harvest all diffuse components of sunlight, as well as the direct component, which is an important consid-eration for operation in the cloudier climates of northern Europe. In addition, since the spectrum of light incident on the edge-mounted solar cells contains far more favorable wavelengths of light for photovoltaic conversion, the solar cells operate at lower temperatures. With some of the excess photon energy being deposited in the LSC, rather than in the cells, this leads to higher cell efficiencies [5, 6] .
Numerous different fluorophores have been developed and tested for use in LSCs, including organic dyes [7] [8] [9] , quantum dots [10] [11] [12] [13] , and rare-earth materials [14] [15] [16] . However, a problem common to both organic dyes and quantum dots is the effect of reabsorption resulting from an overlap of their absorption and emission spectra. Reabsorption occurs when first-generation fluorescence photons, which are trapped inside a LSC sheet, are absorbed by another molecule of the same dye. When this happens, two loss mechanisms occur. First, if the dye has nonunity photoluminescent quantum yield (PLQY), then there is a chance that a second-generation fluorescence photon will not be emitted. Second, even if a second-generation fluorescence photon is produced, there is an additional large probability that it will be emitted at less than the critical angle and lost through what is known as the escape cone of the sheet. The probability of the emitted photon being trapped inside the sheet at each emission event is given by
where n is the refractive index of the sheet material. For a sheet with n ¼ 1:49, such as polymethyl methacrylate (PMMA), P TIR ¼ 74%. It has been reported that reabsorption is one of the major limiting factors in LSC development [17, 18] . Several approaches have been proposed to deal with reabsorption [19] , such as altering the host material [20, 21] , hot mirrors [22] , and directionally emitting dyes [23] . A recent approach has been the development of rare-earth complexes that exhibit zero overlap of their absorption and emission spectra. Such complexes contain absorbing organic ligands and emitting rare-earth ions, such as europium, ytterbium, and neodymium [24] . Because of the energy transfer mechanism between their absorbing ligands and emitting ions [25, 26] , they can exhibit large Stokes shifts. These complexes absorb in the ultraviolet (UV) or visible and emit in the red or near-infrared (NIR).
In this paper, the effects of reabsorption and spectral overlap on photon transport in LSC devices are studied using a combination of Monte Carlo raytracing simulations and experiment. The optical properties of an organic dye (BASF Lumogen F Rot 305) in a LSC have been measured over a range of excitation wavelengths, and the emission spectrum is found to depend on the excitation wavelength, when exciting at wavelengths on the long-wavelength edge of the absorption spectrum. This observation is contrary to the general assumption [27] [28] [29] [30] [31] in modeling of LSC performance that, since the emission process of an excited organic dye molecule is independent of excitation wavelength (Kasha's rule [32] ), the emission spectrum and PLQY of the dye-doped LSC are also independent of excitation wavelength. The origin of this effect and its implications in the prediction of reabsorption losses in LSC are discussed. Measurements of fluorescence spectra from the end of a strip sample of LSC material under point excitation reveal how the photon transport probability varies with path length. It is also shown that such emission spectra can be used to determine the long-wavelength tail of the absorption spectrum of the organic dye. Finally, simulations of a square LSC module under uniform illumination show the effects of reabsorption and host absorption on photon transport, and these are confirmed experimentally.
Experimental

A. Properties of the Fluorophores
Two fluorophores with widely different Stokes shifts were chosen for this study. Lumogen F Rot 305 (termed R305), is an organic perylene dye manufactured by BASF [33] [34] [35] , which was developed to have a high PLQY, broad absorption range, and good photostability for use in LSCs [7] . The other (termed EuhD) is a ligand-sensitized rare-earth (RE) complex, developed at the University of Edinburgh, that contains europium as the emitting ion [24] . The structure and energy-level diagrams of both EuhD and R305 are shown in Fig. 1 .
The europium ion is complexed with a hexafluoroacetylacetone (hfac) ligand and a bis(2-(diphenylphosphino)phenyl) ether oxide (DPEPO) coligand, giving the formula EuðhfacÞ 3 (DPEPO). This particular ligand arrangement gives rise to an absorption peak at 300 nm. Light energy absorbed by the ligands is transferred to the ligand triplet state via intersystem crossing (ISC) and then by resonance energy transfer to the europium ion [ Fig. 1 (a)] [36] . The europium emission occurs in five narrow bands at 578, 592, 613, 650, and 697 nm, corresponding to the 5 D 0 → 7 F J¼0;1;2;3;4 transitions, with the main peak at 613 nm. Although this particular RE complex is not ideal for LSC design as the absorption range only covers the UV region, its purpose in this paper is to demonstrate the potential advantages of RE complexes, in particular the large Stokes shifts.
The small (30 nm) Stokes shift of R305 is a feature of nearly all organic dyes [24, 32] , which, therefore, exhibit significant reabsorption when implemented in a LSC. By contrast, EuhD absorbs only in the UV region of the spectrum and emits in the red region, with a Stokes shift of 320 nm. There is zero spectral overlap and no possibility of reabsorption occurring. Fig. 1 . Structure and energy-level diagrams of (a) EuhD [24] and (b) R305 [7] . The absorption and emission processes for each fluorophore are indicated.
Absorption and emission spectra for both R305 and EuhD, measured in PMMA hosts, are shown in Fig. 2 . When measuring the emission spectrum of R305, a low concentration [5 parts per million (ppm)] was used in conjunction with excitation and detection at the edge of the sample to minimize the effects of reabsorption on the shape of the emission spectrum.
An integrating sphere technique [37] was used to measure the PLQY of both R305 and EuhD in PMMA at excitation wavelengths of 530 and 320 nm. Values obtained were 100 AE 1% [37] for R305 and 86 AE 5% [24] for EuhD.
B. Sample Preparation
The fluorophores were cast into PMMA sheets by a standard thermal polymerisation technique [38] . Casting syrup was made by dissolving 10 wt: % PMMA polymer powder in methyl methacrylate monomer (both from Lucite International). The required mass of dye was then dissolved in this syrup and the mixture polymerized in a glass-plate mold with 0:08 wt: % azobisisobutyronitrile initiator using a water bath. After postcuring in a hot-air oven, residual monomer content was below 0:3 wt: %, as measured by gas chromatography. The sample thickness was 3 AE 0:1 mm.
Rectangular sample strips (10 cm × 1:2 cm) were cut from the cast sheets. Both long edges and one short edge were roughened and coated with matte black paint to stop internal reflections from these surfaces. Square (10 cm × 10 cm) sheets were also cut and their edges were finished with a diamond edge polisher. Sample concentrations (both for strip and square samples) are listed in Table 1 .
C. Measurement of Edge Emission as a Function of Excitation Distance
To measure the edge-emitted spectrum of the strip samples at different excitation distances from the edge, a setup similar to that used by Sansregret et al. [39] and Earp et al. [40] was used. This is shown in Fig. 3 .
The experiment was designed to closely approximate a point excitation source with a straight-line path of the emission to the edge and minimal fluorescence from locations other than the excitation spot. This is achieved by using narrow strips with blackened edges, ensuring that any fluorescence detected arises primarily from the point of excitation with minimal contributions from edge reflections.
The 10 cm × 1:2 cm strip of fluorescent material was held at one end with a split clamp. Excitation illumination was provided by a 100 W xenon lamp þ monochromator (Bentham), delivered via a 6 mm diameter fiber bundle. A single 50 mm focal length lens was used to focus the excitation light on to the surface of the strip. The fiber and focusing lens were mounted on an optical rail so the 2 mm diameter illumination spot could be moved along the length of the strip. Excitation wavelengths were 530 nm for R305 and 320 nm for EuhD.
The detection fiber (600 μm diameter, 0.22 NA, Ocean Optics) was mounted in a spring-loaded holder on an XYZ micrometer stage and was centered in the end of the strip. An optical coupling medium (glycerine) was initially tried, but it did not affect either the spectral profile or decay rate of intensity with distance. Therefore, no optical coupling medium was used for the experiments reported here. Light from the detection fiber was collected by a spectrometer (Jobin-Yvon iHR320) equipped with a UV/ vis photomultiplier tube (Hamamatsu R928). 
D. Monte Carlo Simulations
Since the aim of the simulations is to determine the probability that fluorescence photons emitted inside the sheet will reach the edges, we decided to simulate initial fluorescence photons, rather than the more common approach of simulating incident solar photons [27] [28] [29] [30] [31] . Although exactly the same results can be obtained from both methods, simulating initial fluorescence photons is somewhat simpler because the program does not need to model either a solar spectrum (to generate incident photons) or the wavelength-dependent surface reflectivity of the LSC sheet. A C þ þ program was written to generate many initial fluorescence photons at random locations throughout the LSC sheet and follow each of these as they traveled to the edges via internal reflections from the surfaces of the sheet. Host absorption, dye reabsorption, and angular dependence of LSCair interface reflectivity are all accounted for. The repeatability of the results from the program with an initial number of 2 million photons is AE0:02%. Two different sizes of LSC sheets were simulated. The smaller size, 10 cm × 10 cm × 0:3 cm, was chosen because this was a convenient size for casting and on which to perform measurements, while the larger size, 30 cm × 30 cm × 0:3 cm, was chosen as a representative size for a prototype LSC module in which reabsorption effects are more pronounced because of the longer path lengths involved. The program calculates the optical efficiency of the LSC sheet, η OPT , defined as the number of photons emitted at the edges divided by the number of photons absorbed over the surface.
E. Measurement of Optical Efficiency of Luminescent Solar Concentrator Sheets
The percentage of photons trapped in a LSC sheet under uniform illumination can be determined by measuring the number of photons emitted at the edge compared with the number absorbed. This can be done either using a solar cell [27] , an integrating sphere [41] , or an optical fiber [39] . While simple to use and able to collect light from the entire edge, the solar cell gives no information on the spectral profile of the light emitted or absorbed. The integrating sphere is problematic because of sphere errors and intensity calibration. Therefore, the optical fiber approach is adopted here. The experimental setup is shown in Fig. 4 . The 10 cm square sheets were used for this and were clamped vertically on an optical table. Care was taken to ensure that the clamping arrangement did not shade the fluorescent sheet from the illumination. Two different light sources were used to illuminate the sheet, depending on which dye was under study. The organic R305 dye absorbs mainly in the visible, so a tungsten-halogen lamp was used. However, the EuhD only absorbs in the UV, where the output of a tungsten-halogen lamp is negligible. Therefore, for the EuhD sheets, the lamp shown in Fig. 4 was replaced with a xenon lamp (150 W, Oriel).
The tungsten-halogen lamp was intensity stabilized and was based on a standard 500 W outdoor floodlight with closed-loop control of the intensity. A microcontroller was used to regulate the lamp intensity by pulse-width modulation control of the current. A small solar cell placed near the LSC sheet was used as a reference detector. Lamp stability was 0.02% over 1 h.
The unfiltered output of the xenon lamp was deliberately defocused to ensure uniform illumination across the LSC sheet under study. The output intensity was monitored with a photocell and was found to be sufficiently stable (to ∼0:5%), even though the lamp is not intensity regulated.
An optical fiber, coupled to the spectrometer (iHR320), was used to measure both the number of photons absorbed over the surface of the sheet and the number emitted at the edges. The fiber has an acceptance angle of 25:4°in air. Only those photons from the edge of the sheet that are emitted within this acceptance cone can be detected. This is approximately 2.4%, based on the solid angle of the acceptance cone. With the fiber in position 1 ( Fig. 4 ) and the LSC sheet removed, the fiber detects the light directly incident on the front surface of the LSC. The fluorescent sheet is then placed in front of the fiber. The fiber now records the light transmitted through the sheet. Once reflection is corrected for, the difference in these is a measure of the number of photons absorbed by the sheet. The fiber can then be placed in position 2, where it will measure the number of photons emitted at the edge. Corrections are then applied for the acceptance cone of the fiber, the distribution of light intensity along the edge of the sheet [42] (more intense in the middle of the edge), and the slight variation in sheet thickness from corner to corner. This results in values for both the number of photons absorbed over the surface and emitted at the edges. From this, it is then possible to calculate the percentage of absorbed photons that are collected at the edges of the sheet. 
Results
A. Effect of Excitation Wavelength on Emission Spectrum and PLQY of R305-Doped PMMA
The emission spectrum of the R305 dye in PMMA was measured as the excitation wavelength was varied from 310 to 620 nm in steps of 20 nm. The sample concentration was 5 ppm, sufficiently low to minimize effects of reabsorption within the sample on the observed emission spectrum. Figure 5 shows the measured emission spectra. The results have been separated into two groups depending on the excitation wavelengths chosen and whether any change in the spectral profile was observed. All spectra have been normalized to a peak value of 1.
As the excitation wavelength was increased from 320 to 490 nm [ Fig. 5(a) ], there was no significant change observed in the shape or wavelength of the emission spectrum. The peak emission wavelength remained fixed at 597 nm. At excitation wavelengths above 490 nm, however, the spectra showed a shift toward progressively longer wavelengths as the excitation wavelength was increased. The peak emission wavelength increased from 597 nm at λ ex ¼ 510 nm to 611 nm at λ ex ¼ 620 nm. Figure 6 shows the measured PLQY at different excitation wavelengths. The sample concentration in this case was 98 ppm, since a higher concentration was required to achieve a detectable signal when using the integrating sphere. Within the error limits (AE2%), there is no detectable change in the PLQY as the excitation wavelength is varied.
The intrinsic emission spectrum of the R305 dye molecule must be independent of excitation wavelength, as can be seen from the energy-level diagram in Fig. 1(b) . Regardless of the energy of the excitation photon, the excited molecule always relaxes to the lowest vibrational level of S 1 before decaying to a vibrational level of S 0 by emitting a fluorescence photon, resulting in the same emission wavelengths. This is borne out by the invariance of the emission spectrum with excitation wavelength in the range of 310-490 nm. Likewise, the PLQY also remains constant because the emission process is the same.
The change in the emission spectrum that occurs at excitation wavelengths greater than 490 nm can be explained by the presence of aggregated dye molecules, such as dimers or trimers, which have longer emission and absorption wavelengths than the individual (monomer) molecules. As the excitation wavelength is increased, the contribution to the emission spectrum from these aggregates becomes progressively larger, resulting in a redshift of the composite spectrum until, at 620 nm excitation, the observed emission is due entirely to aggregates. The lack of dependence of PLQY on excitation wavelength shows that aggregation does not reduce the PLQY, with a value of near unity being retained. These fluorescence properties, redshifted emission and high PLQY, are characteristic of so-called J-aggregates, in which the molecules are stacked with their planes parallel but displaced from a perfect sandwich structure by a longitudinal offset between adjacent molecules. R305 is a member of the perylene bisimide class of dyes. J-aggregate formation in nonpolar solvents, such as methylcyclohexane, has been observed previously for perylene bisimide dyes that are similar to R305 in having phenoxy substituents in the "bay area" of the perylene core [43] . In the absence of bulky substituents, such as phenoxy groups, in the bay area, perylene bisimides tend to form sandwich-type H-aggregates [44] , which show blueshifted absorption spectra and greatly reduced PLQYs, relative to the monomer. These results are significant, because they suggest that the reabsorption losses in a LSC sheet containing the R305 dye will be less than expected from assuming the emission spectrum is independent of excitation wavelength. Reabsorption of monomer emission at wavelengths on the red edge of the absorption spectrum will result in excitation of redshifted aggregate emission. The emission spectrum resulting from each reabsorption event is thus progressively redshifted, which decreases the probability of subsequent reabsorption.
B. Reabsorption in R305 Luminescent Solar Concentrator Strips
By measuring the profile of the fluorescence spectra emitted from the end of the strip samples at different excitation distances, it is possible to see how the probability of a fluorescence photon reaching the edge varies with excitation distance and dye concentration. The spectra can also be used to accurately determine the tail absorption spectrum of the dye in the sheet.
We define P 0 as the overall probability that a firstgeneration fluorescence photon (one emitted at the point of excitation) will reach the detector without suffering reabsorption. It is calculated from Eq. (2):
where EðλÞ is the molecular emission spectrum of the dye, when the effects of reabsorption are absent, and E 0 ðλÞ is the spectrum measured from the end of the strip, scaled to match EðλÞ at long wavelengths where reabsorption is negligible. EðλÞ was measured from the end of a strip containing a low concentration (5 ppm) of dye, with an excitation distance of only 0:2 cm. The concentration and excitation distance are small enough that any reabsorption effects are negligible (Lakowicz [32] , Section 2.8). The normalization procedure used to obtain E 0 ðλÞ is described briefly below. Figure 7 shows an example of the spectral normalization procedure for a strip containing 98 ppm of R305 dye, excited at a distance of 5 cm. The raw (unscaled) emission spectrum, E raw ðλÞ, is divided by the molecular emission spectrum, EðλÞ, to obtain the ratio E raw ðλÞ=EðλÞ. As can be seen in Fig. 7 , this ratio levels out above 750 nm and is constant at ∼2:53. The ratio becomes constant because reabsorption is no longer occurring appreciably at these wavelengths. If E raw ðλÞ is then divided by this constant ratio, it is scaled so it matches EðλÞ exactly at long wavelengths, resulting in E 0 ðλÞ. Using this ratio to scale the spectra is more accurate than scaling them "manually" until they fit.
The shape of the ratio plot is indicative of how far the absorption tail extends into the emission spectrum. Once the edge-emitted spectra have been scaled as described, the probability values P 0 can be calculated using Eq. (2).
The system shown in Fig. 3 was used to measure P 0 for strip samples containing seven different concentrations of R305 dye at excitation distances ranging from 0.2 to 9 cm. The results are shown in Fig. 8 . Since P 0 depends on both dye concentration and the excitation distance, it is plotted versus the effective optical density (OD eff ) of the path from the excitation point to the detector, calculated from Eq. (3):
where ε peak is the peak Naperian absorption coefficient of the dye (0:101 ppm −1 cm −1 for R305 in PMMA), c is the dye concentration in ppm, and d is the excitation distance in centimeters. The logarithmic factor corrects for the different bases used in the definition of optical density and the absorption coefficient. This effective optical density is used because the trapped fluorescence light follows a range of diagonal paths between the top and bottom Fig. 7 . Example of scaling procedure. Shown are the molecular emission spectrum, EðλÞ, the raw spectrum measured from the strip, E raw ðλÞ, the ratio E raw ðλÞ=EðλÞ, and the scaled emission spectrum, E 0 ðλÞ, obtained by dividing E raw ðλÞ by the constant ratio at long wavelengths (0.34). surfaces of the sheet as it travels to the edge, and the actual average path length inside the strip is unknown and different from the excitation distance, although it can be determined from a ray-tracing simulation [39] . By doing this, it becomes possible to calculate a value for P 0 from the molecular emission spectrum, EðλÞ, and the absorption spectrum of the dye, εðλÞ, by replacing E 0 ðλÞ in Eq. (2) with EðλÞe −εðλÞcl . This uses the Beer-Lambert law to predict the fluorescence spectrum transmitted through an average path length l of dye-doped material, where the average path length is obtained from the ray-tracing simulation and is a factor of 1.1 to 1.3 times greater than the excitation distance, depending on the dye concentration. This calculated value, P 0;calculated , is also plotted in Fig. 8 .
Values measured for P 0 from the seven different sample concentrations all show good agreement with each other. For example, P 0 measured from a 393 ppm sample with an excitation distance of 3 cm is identical to that measured from a 197 ppm sample with a 6 cm excitation distance, since OD eff is the same in both cases (half the concentration but twice the distance).
As either excitation distance or dye concentration is increased (both of which result in an increase in the effective optical density), the probability of the photons reaching the detector drops dramatically. At larger distances or higher concentrations, the first-generation fluorescence photons pass through a greater amount of dyed material; therefore, there is an increased chance that they will be reabsorbed by the dye and lost. In addition, as the concentration is increased, the rate of decay of probability with excitation distance becomes less. For example, the probability decreases more rapidly with a 5 ppm sample than it does with a 393 ppm sample. This is due to increased reabsorption losses at shorter distances in highly concentrated samples. Any photons that survive more than a few centimeters will then suffer little subsequent reabsorption; any reabsorption that is experienced is then due primarily to the lowmagnitude absorption tail. It can be seen that the decay of probability with concentration is greater at shorter excitation distances, as most reabsorption will occur within the first few centimeters.
There is good agreement between the experimental data and the calculated values obtained using the Beer-Lambert law. This is perhaps unexpected, as the Beer-Lambert law should not apply when the probability of reemission is high. However, whereas the initially excited fluorescence (excitation wavelength 530 nm) arises from monomer dye molecules, reabsorption tends to excite the J-aggregates so that the reemitted fluorescence has a different, redshifted spectrum. Therefore, the attenuation of the primary, short-wavelength emission can be well approximated by simple absorption because there is little reemission in this short-wavelength region. The Beer-Lambert law can thus be used to model the propagation of light inside the strip.
The fraction of photons lost to reabsorption is significant. For example, the dye concentration of 393 ppm is comparable to what might be used in an actual LSC (a concentration high enough to absorb sufficient incident sunlight over the surface of the sheet [45] ). If we consider those photons emitted 5 cm from the edge of the sheet, corresponding to an OD eff ¼ 86, we can see from Fig. 8 that they have only a 30% chance of reaching a particular location on the edge, with the remaining 70% of them undergoing reabsorption. An important fact to remember is that average path lengths in a LSC of dimensions 30 cm × 30 cm, which would be considered a minimum practical size [45] , are around 15 cm, much larger than the path lengths studied in Fig. 8 .
These results show that the bulk of reabsorption occurs over the first few centimeters of the LSC and, thereafter, the reabsorption is governed by the tail absorption of the dye. This is one of the reasons many of the recently reported record LSC efficiencies [22, 46] have been measured from very small (<5 cm) minimodules. By constructing relatively thick modules with such small surface areas, the problems of reabsorption are reduced, but at the cost of dramatically reducing the concentration ratio.
The importance of reabsorption is clear. However, we do not yet know the extent to which the tail of the absorption spectrum overlaps with the emission spectrum. We can easily measure the main part of the absorption spectrum with the UV/vis spectrophotometer and a sheet sample, but to measure the extremely low-magnitude absorption tail would require a much greater sample thickness-for example, 10 cm. Casting samples of this thickness is not easy using the laboratory-scale water-bath technique. However, we can instead use the fluorescence spectra measured from the ends of the strip samples to determine the tail absorption spectrum [39] . If we use EðλÞ and E 0 ðλÞ to denote the molecular and scaled emission spectra, as before, then we can calculate an effective tail absorption coefficient of the dye from Eq. (4):
where the dye concentration and excitation distance are represented by c and d, both of which are known. ε eff is expressed in terms of the excitation distance, rather than the average optical path length. Once the tail of the absorption spectrum was calculated in terms of ε eff , it was scaled to match the longwavelength end of the main absorption spectrum, obtained from the UV/vis spectrophotometer, as shown in Fig. 9 , to give the correct value of ε, corresponding to the average optical path length. The data from the UV/vis spectrophotometer (the main absorption spectrum) are valid below 650 nm; above this, the spectrophotometer is not sensitive enough to detect a change in the light intensity transmitted through the sample. Conversely, the data from the strip end emission are only valid above 630 nm, since little fluorescence is emitted at shorter wavelengths. The resulting combined absorption spectrum is shown in Fig. 10 . The inset shows the tail absorption data obtained from the end emission spectra of the strip samples, calculated using Eq. (4). To reduce the error, several different dye concentrations and excitation distances were used to obtain the tail absorption spectrum and the results averaged.
The tail absorption extends to 750 nm-it may extend further than this, but the magnitude is not significant for the path lengths and concentrations under consideration. For example, the tail absorption data are accurate up to at least 725 nm, where the absorption coefficient is 1 × 10 −5 ppm −1 cm −1 . In a 60 cm × 60 cm × 0:3 cm LSC sheet, which preliminary simulations have shown results in the lowest module embodied energy, the average path length is 34 cm. For an R305 dye concentration of 350 ppm (an optimum concentration), this results in only 10% absorption. If we refer back to Fig. 2 , we can see that nearly all of the R305 emission spectrum lies below 750 nm; in other words, the dye absorbs (to some degree) over its entire emission spectrum. Reabsorption will always be present, no matter how large the path length. This demonstrates the importance of knowing the entire absorption spectrum, including the tail, when working with LSCs. Because of the long path lengths involved, a tail absorption that may not be apparent on a UV/vis spectrophotometer scan can have a large impact on the photon transport in the device.
All of the above data relate to point excitation of a strip of LSC material. While this demonstrates photon transport losses at different path lengths, it does not reproduce the performance of a real LSC, which will 1) have illumination over its entire surface and 2) have a much smaller length/breadth aspect ratio. We will next look at the photon transport and losses in both 30 cm square and 10 cm square LSC devices under uniform illumination, using both simulation and experimental measurements.
C. Optical Efficiency of Square Luminescent Solar Concentrator Sheets
The Monte Carlo simulation program was used to model the photon transport inside two different sizes of square LSC sheets containing a range of hypothetical organic dyes with artificially generated emission spectra. The purpose of this study was to examine the effect of different Stokes shifts on the optical efficiency of the sheets. The experimentally measured absorption spectrum of the R305 dye was used in the program and remains fixed throughout. However, the emission spectrum was artificially shifted in wavelength to give a range of different Stokes shifts. The peak emission wavelength was shifted from 574 to 800 nm, resulting in Stokes shifts from 0 to 226 nm. The results of these simulations are compared with those for LSCs doped with the the EuhD complex, which exhibits a very large Stokes shift of ∼300 nm. First we consider the simulations of the 30 cm square sheet, which show the largest effects of reabsorption, host absorption, and dye PLQY. Results are then shown for a 10 cm square sheet, along with the experimentally measured value for R305 to demonstrate the validity of the simulation. Figure 11 shows the results for a 30 cm square sheet containing 600 ppm of either the hypothetical dye or EuhD. The Stokes shift of the real R305 dye is 23 nm, indicated by the vertical line.
The calculated η OPT for a sheet containing the EuhD complex is 64% and is shown by the horizontal line in Fig. 11 . Since the complex exhibits zero reabsorption, this is simply the product of the probability of an emitted photon being trapped by total internal Fig. 9 . Scaling of the tail absorption spectrum (measured from the end emission of strip samples) to match the main absorption spectrum (from the UV/vis spectrophotometer) in the range of 630-650 nm. Considering first the case where the hypothetical dye has no absorption tail (the absorption is set to zero above 650 nm), there is no host absorption and the dye has 100% PLQY (solid curve in Fig. 11 ). At Stokes shifts above about 120 nm, η OPT flattens out at 74%. Since there is little spectral overlap and, hence, little reabsorption above this wavelength, this is identical to the fraction of first-generation photons that are emitted at angles outside the escape cone, calculated from Eq. (1). For a refractive index of n ¼ 1:49 (PMMA), this is indeed 74%. At smaller Stokes shifts, η OPT drops sharply, as reabsorption begins to occur. Even though the dye has 100% PLQY, each reabsorption/reemission event results in a ∼26% chance of the emission photon being directed out of the sheet.
If an absorption tail (from 650 to 750 nm) for the dye is now included in the simulation (dashed curve in Fig. 11 ), η OPT drops by approximately 7% over the range of Stokes shifts up to 100 nm. This large decrease in η OPT , caused by the presence of an extremely low-magnitude tail, again demonstrates the importance of measuring the tail absorption if accurate predictions are to be made of the optical efficiency.
Inclusion of the host absorption (dotted curve Fig. 11 ) has the greatest effect at Stokes shifts above 70 nm, corresponding to peak emission wavelengths above 650 nm, where the PMMA begins to show absorption. It leads to an almost 5% decrease in η OPT at a Stokes shift of 200 nm. The two small troughs at Stokes shifts of 150 and 220 nm are due to the peak emission wavelength coinciding with the absorption peaks of PMMA at 730 and 800 nm (caused by CH and CO bond absorption [47] ). However, host absorption has little effect on η OPT near Stokes shifts of 23 nm, where the R305 dye emits. This is encouraging, as it suggests that host absorption is not a concern in LSCs that use the R305 dye as the final emitter. For compounds that emit further into the red/infrared, host absorption will have a larger effect.
Under these conditions (100% PLQY, tail and host absorption both included), which correspond to those found in an actual LSC module, η OPT for the (real) R305 dye is 50%. This is less than η OPT for the EuhD complex (64%). Although the latter has a much lower PLQY, this is compensated for by the total absence of reabsorption in the complex. The complex performs better than the organic dye for Stokes shifts up to 50 nm, above which the reabsorption losses of the dye decrease sufficiently to result in a higher η OPT .
It is important to note that η OPT for the R305-doped 30 cm × 30 cm sheet is much higher than the P 0 value calculated from the average path length inside the square sheet. For a 30 cm × 30 cm sheet, the average optical path length is approximately 15:5 cm, determined from simulations, which corresponds to an OD eff ≈ 400 at an R305 concentration of 600 ppm. Referring to Fig. 8 , the corresponding P 0 value at this OD ef f is P 0 ≈ 18%, considerably lower than the value of η OPT ¼ 50%. η OPT , however, describes the percentage of photons detected at any location on any edge. This contrasts the point excitation/detection method used to determine P 0 , where photons from secondary and subsequent emission events will lack a direct path to the detector and not generally contribute.
To demonstrate how critical a high PLQY is for the organic dyes, we now consider the effect of reducing the quantum yield to 86%, the same as the EuhD complex, (dashed-dotted curve in Fig. 11 ). For a Stokes shift of 23 nm, this reduced PLQY results in a dramatic decrease in η OPT to only 32%. Thus, a small change in PLQY is magnified by the multiple reabsorption/reemission events that occur within the sheet. Figure 12 shows the same simulations as in Fig. 11 performed on a 10 cm square sheet containing 210 ppm of either hypothetical organic dye or EuhD complex. The effects of reabsorption, host absorption, and PLQY are less pronounced because of the lower dye concentration and shorter path lengths, but they still exist. The EuhD still performs better than the R305.
The experimental system shown in Fig. 4 was used to measure the value of η OPT for 10 cm square LSC sheets containing R305 or EuhD. The measured value of 60 AE 3% obtained for a sheet containing the R305 dye is shown in Fig. 12 and is in good agreement with the calculated value. The value of η OPT for the EuhD sheet was 60 AE 3%, which is also in good agreement with the calculated value of 64%.
The error bars on the experimental measurement are due to the both the difficulty in correcting for the Fig. 11 . Simulated η OPT for a 30 cm × 30 cm sheet containing hypothetical dyes with different Stokes shifts, showing the effects of tail absorption, host absorption, and PLQY. Graphs shown are for dye PLQY of 100% with no tail or host absorption (solid curve), dye PLQY of 100% with tail absorption included but no host absorption (dashed curve), dye PLQY of 100% with both tail and host absorption included (dotted curve), dye PLQY of 86% with both tail and host absorption included (dashed-dotted curve). The horizontal line indicates the value of η OPT for the EuhD complex. The vertical line at 23 nm denotes the Stokes shift of the real R305 dye. slight nonuniform thickness of the sheet (5% cornercorner) and the noise in the low signal level from the spectrometer (the spectrometer slits had to be set very narrow when the fiber was measuring the incident light, and these slit settings must be kept for the edge measurement as well). Four other concentrations of sheets (70, 197 ppm of R305 and 110, 146 ppm of EuhD) were also measured and exhibited good agreement with simulated values (within 2%).
Conclusions
Excitation of the R305 dye on the long-wavelength edge of the absorption spectrum was found to result in emission that was redshifted relative to that excited at shorter wavelengths. Despite the change in emission spectrum, the PLQY was found to be independent of excitation wavelength. These observations indicate the formation of J-aggregates by the dye molecules in the PMMA matrix. As a consequence of this, reabsorption of the primary emission will result in the redshift of the emission spectrum, leading to a reduction in the probability of subsequent reabsorption. To our knowledge, this is the first report of dye aggregation in a LSC. However, this is likely to be a widespread phenomenon because the large planar aromatic structures of organic dye molecules that are typically used in LSCs have a high propensity to form stacked aggregates. Although in the present case the aggregates formed are highly fluorescent, it is common for the aggregation of planar dye molecules to result in a large decrease in PLQY.
The long-wavelength tail of the absorption spectrum of the R305 dye was determined and found to extend more than 100 nm beyond the longwavelength limit measurable by conventional absorption spectrometry. Other dyes in the Lumogen range were also found to exhibit a long absorption tails. When combined with the long path lengths present in LSC modules, the absorption tail makes a significant contribution to the loss of photons by reabsorption (as much as 15% relative loss). Because of the many reabsorption events that occur with an organic dye, the PLQY has a great impact on the optical efficiency. Decreasing the dye PLQY from 100% to 86% results in nearly halving the optical efficiency. By contrast, rare-earth complexes, such as EuhD, can outperform the organic dye even though their PLQY is lower, because of the lack of reabsorption. If the absorption wavelengths of rare-earth complexes can be extended into the visible part of the spectrum, then they will be ideally suited for LSC use. 
